The objective of this study was to elucidate the role of collagen membranes (CMs) when used in conjunction with bovine hydroxyapatite particles incorporated with collagen matrix (BHC) for lateral onlay grafts in dogs. Methods: The first, second, and third premolars in the right maxilla of mongrel dogs (n = 5) were extracted. After 2 months of healing, two BHC blocks (4 mm × 4 mm × 5 mm) were placed on the buccal ridge, one with and one without the coverage by a CM. The animals were sacrificed after 8 weeks for histometric analysis. Results: The collagen network of the membranes remained and served as a barrier. The quantity and quality of bone regeneration were all significantly greater in the membrane group than in the no-membrane group (P < 0.05).
INTRODUCTION
The guided bone regeneration (GBR) technique stems from the concept referred to as 'guided tissue regeneration' (GTR), in which the desired cells (i.e., osteoblasts) from an adjacent native tissue source can be directed toward and encouraged to grow into a protected space with the aid of an occlusive barrier membrane [1] . However, some differences exist between GBR and GTR. When the GTR technique is used for periodontal regeneration, the ingrowth of the junctional epithelium should be prevented in the periodontal defect [2] . This occurs because the epithelium that occupies the exposed root surface acts as a hindrance to periodontal regeneration. In contrast, the main concern with GBR is the prevention of connective tissue rather than epithelial growth [3] .
Furthermore, it has been demonstrated consistently that the grafted site for GBR may be completely separated and protected from the external environment by the periosteum [4] . It has been indicated that using periosteal flaps as the primary closure for graft materials can promote both wound healing and the creation of new bone [5] . The current data suggest that the periosteum contains an abundance of blood vessels and undifferentiated mesenchymal cells, which are essential for correct bone regeneration [6] . Moreover, a barri-er membrane covering the graft material may obstruct the supply of blood and progenitor cells from the periosteum, and the undamaged periosteum may be helpful in wound healing [7] [8] [9] .
The various bone-graft biomaterials that have been implemented for space maintenance can be categorized into two types: particle and block. In many clinical cases, particle-type biomaterials are advantageous because they readily adapt to the irregular dimensions of a defect and are appropriately porous. However, their lack of stability means that the particles can be displaced from the defect during the healing phase. Combining the bone graft with a membrane not only increases the stability of the particular graft material but also provides the appropriate space for bone regeneration [10] . The block-type biomaterial can maintain its shape without the aid of an additional barrier membrane, including grafted sites upon which there is an external pressure or load. However, when compared to the particle-type, block-type biomaterials are less flexible and need to be trimmed to fit the irregular defect surface [11] .
To overcome the weaknesses of both types of biomaterials, a soft-type block in which bovine hydroxyapatite (BH) particles are incorporated into a collagen matrix (BHC; Bio-Oss collagen, Geistlich Pharma AG, Wolhusen, Switzerland), has been developed. It was hypothesized that the collagen-occupying spaces between the graft particles in BHC would provide the matrix for ingrowth of tissues and maintain the stability of grafted biomaterials by binding to the particles. When compared to the other hard-type blocks, the ease with which the BHC block can be condensed and adapted to fit various types of defects aids its manipulation in clinical situations. BHC has been used mainly for ridge preservation following tooth extraction, and its effectiveness in bone regeneration and ridge preservation without any immunological side effects has been well documented [12, 13] . The aforementioned advantages of BHC potentially make it a good scaffold even for unfavorable defects such as vertically resorbed ridges, which have few healing sources. Therefore, when the intact periosteum is secured in the sites that received BHC, whether or not it is beneficial to use a membrane barrier remains to be established.
The objective of this study was thus to elucidate whether the collagen membrane (CM) plays a beneficial role when used in conjunction with BHC for lateral onlay grafts in dogs. The study was conducted on the basis of two hypotheses: 1) intact periosteum alone can exclude unwanted soft tissue into the grafted BHC, and 2) BHC covered with intact periosteum can maintain the space required for bone regeneration without dissipation.
MATERIALS AND METHODS

Animals
Five male mongrel dogs, 20 to 24 months old and weighing approximately 15 kg, were used. All of the experimental animals had a sound permanent dentition. Animal selection and management, surgical protocol, and preparation were approved by the Institutional Animal Care and Use Committee, Yonsei Medical Center, Seoul, Korea.
Study design
Commercially available BHC (Bio-Oss Collagen, Geistlich Pharma AG) and resorbable CM composed of bilayered, noncross-linked porcine types I and III collagen (BioGide, Geistlich Pharma AG) were used. BHC (8 mm × 4 mm × 5 mm) was divided into two rectangular blocks 4 mm × 4 mm × 5 mm, and CM was prepared in square layers 12.5 mm × 12.5 mm. Graft sites were allocated to one of two experimental groups, as follows:
Membrane-cover group (n = 5); lateral onlay graft with BHC and CM.
No-membrane-cover group (n = 5); lateral onlay graft with BHC alone.
Surgical protocol
All surgical procedures were performed under general and local anesthesia. The animals were injected intravascularly with atropine (0.05 mg/kg; Kwangmyung Pharmaceutical, Seoul, Korea) and intramuscularly with xylazine (2 mg/kg; Rompun, Bayer Korea, Seoul, Korea) and ketamine hydrochloride (10 mg/kg; Ketalar, Yuhan, Seoul, Korea). General anesthesia was maintained by inhalation of 2% enflurane (Gerolan, Choongwae Pharmaceutical, Seoul, Korea). Routine dental infiltration anesthesia with lidocaine was used at the surgical sites (2% lidocaine hydrochloride-epinephrine 1:100,000, Kwangmyung Pharmaceutical). The maxillary first, second, and third premolars on the right upper jaw were extracted, and graft surgery was performed after 8 weeks of healing. A midcrestal incision was made from the first molar to the canine, and two vertical incisions were made at the mesial side of the first molar and distal side of the canine via a vestibular divergent releasing incision. A full-thickness mucoperiosteal flap was raised and retracted to expose the lateral site. Two separate imaginary squares (4 mm × 4 mm) were indicated for the prefabricated BHC on the exposed lateral wall of the alveolar bone; six holes perforating the cortical bone were made within the imaginary square using a carbide bur with continuous saline irrigation. A prepared BHC was placed at the anterior site and covered with CM, while a prepared BHC was placed at the posterior site with-out a CM. The CM was fixed with two pins (membrane pin, Dentium, Seoul, Korea). Representative clinical photographs of the surgical site are shown in Fig. 1 . Primary wound closure without tension was achieved with 4-0 resorbable suture materials (Monosyn 4-0 Glyconate Monofilament, B. Braun, Tuttlingen, Germany). Antibiotics and a soft diet were given to the animals for 14 days following the surgery. The sutures were removed 7 to 10 days postoperatively. The animals were sacrificed at 8 weeks postsurgery using an overdose of sodium pentobarbital (90-120 mg/kg, intravenous). The retrieved experimental sites were fixed in 10% buffered formalin for 10 days.
Histologic analysis
The specimens were decalcified in 5% formic acid for 10 days. The specimens were then trimmed and embedded in paraffin wax.
Step-serial sections were cut at a thickness of 5 μm in a buccal-palatal vertical plane. The sections were stained with hematoxylin and eosin and with Masson's trichrome. The most-central section was included in the histologic and histometric analysis. Histologic observation was achieved using incandescent and polarized light microscopy (Olympus Research System Microscope BX51, Olympus Co., Tokyo, Japan). One calibrated, blinded examiner performed the histometric analysis using a PC-based image-analysis system (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA).
In order to discriminate the augmented from the resorbed area in the native alveolar bone, an imaginary line was drawn as an extension of the external surface of the native alveolar bone (inferred baseline). In addition, two more lines were drawn at the upper surface of the graft (augmentation line) and at the lower surface of the graft contacting the resorbed native alveolar bone (resorption line). The following areas and heights were defined and measured using the three lines (Fig. 1B) :
• Augmented area (AA) and augmented height (AH), respectively: area and height, respectively, between the augmentation line and the inferred baseline.
• Resorption area (RA) and resorption height (RH), respectively: area and height, respectively, between the inferred baseline and the resorption line.
• Total area (TA) and total height, respectively: area and height, respectively, including both the AA and AH, respectively, and RA and RH, respectively, between the augmentation and the resorption lines. Furthermore, the area and height of newly formed bone from the inferred baseline were measured specifically in the AA.
• New bone area (NBA) and new bone height (NBH), respectively.
• Residual membrane (RM). The proportions of the following parameters were calculated in TA (the component of RM in the TA was excluded in this calculation):
• New bone (%NB).
• Residual biomaterials (%RB).
• Fibrovascular connective tissue (%FCT).
Statistical analysis
Summary statistics of all measured parameters were calculated using the central-most sections from each defect; the data are presented as mean ± standard deviation values. The Mann-Whitney U test was used to evaluate the measured parameters between the two experimental groups using the PASW ver. 18 (IBM Co., Armonk, NY, USA). The level of sta- tistical significance was set at 5% (i.e., P < 0.05).
RESULTS
Clinical observation
All of the experimental sites exhibited uneventful healing during the entire observation period. No signs of wound dehiscence or extensive inflammation were observed at any of the sites in either of the experimental groups.
Histologic observation
No inflammatory reaction was seen at any of the experimental sites. Both groups exhibited localized and clustered residual biomaterial particles at a grafted area of the alveolar ridge (Fig. 2) . However, all sites showed a dome-shaped graft area rather than the box-type appearance of the original BHC. Specifically, the grafted site was flatter in the no-membranecover group than in the membrane-cover group.
With the exception of one of the membrane-cover-group sites, resorption of the existing alveolar bone (RA) was observed under all of the grafted sites, and grafted particles were depressed to the lower level of the adjacent bony tissue. This resorbed native alveolar bone exhibited an irregular plane, unlike the adjacent native bone tissue (apart from the grafted area).
Membrane-cover group
In the group with a membrane cover, the specimens exhibited clustered BH particles and extensive bone formation within the space protected by the well-maintained CM. Multinucleated osteoclast-like cells were observed on the surface of the BH particles (Fig. 3A) . Woven bone formation was seen all around the grafted area beneath the CM, where trabecular bone was seen in some specimens, bridging the existing alveolar bone base at the outer surface of the clustered BHC mass beneath the CM (Fig. 2) . Most of the newly formed bone was present within the space between the particles or CM; however, some BH particles were intermittently in direct contact with the newly formed bone (Fig. 3A) . Coupling of Figure 3 . High-magnification photomicrographs of a graft site from the membrane-cover group (A) and of the no-membrane-cover group (B). Residual bovine hydroxyapatite particles (white asterisk) within the space protected by the barrier membrane had many multinucleated osteoclast-like cells (arrows) on their surface, simultaneously with linearly arranged osteoblasts (arrowheads). In the no-membrane-cover group, multinucleated osteoclast-like cells and osteoblasts were evident on the resorbed surface of the existing bone rather than around the residual particles. V: newly formed vessels (H&E, scale bars = 100 μm). Representative photomicrographs (Masson's trichrome stain, scale bars=1 mm) of the membrane-cover (A) and no-membrane-cover (B) groups. A periosteum-like dense connective tissue layer (white asterisks) was evident over the residual collagen membrane (black asterisks) in Fig. 2A , but beneath the grafted bovine hydroxyapatite (BH) particles in the site that received BH particles incorporated with collagen matrix only. At the graft sites of the membrane-cover group (A), extensive new bone formation was evident around and between the clusters of BH particles; however, the BH particles were encapsulated by collagen fibers at the no-membranecover site (B), and there was limited bone formation.
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osteoblasts and multinucleated osteoclast-like cells was observed on individual BH particles. At 8 weeks of healing, the CM remained as a collagen network and still served as a barrier. Periosteum-like dense connective tissues were arranged in parallel with the residual CM in both the upper and lower areas of the CM. These were integrated with the fibrous network of the membrane, where many vessels were observed within or around the residual CM.
No-membrane-cover group
In the group without a membrane cover, limited bone formation occurred in the augmented area as well as the resorbed defect-like area. In three out of five specimens, periosteum-like dense connective tissue could be observed directly on the pre-existing cortical bone, where fibrous, encapsulated residual BHs were found in the loose connective tissue (Figs. 2 and 4) . In the other two specimens, all residual BHs were embedded in the dense connective tissue layer.
However, these sites also exhibited minimal bone formation around the BH particles. There were fewer multinucleated cells on the surface of the BH particles than in the membrane-cover group.
Histometric observation
The results of the histometric analysis are given in Table 1 and shown in Fig. 5 . The AA was significantly larger in the membrane-cover group (18.04 ± 4.46 mm 2 ) than in the nomembrane-cover group (9.1 ± 5.54 mm 2 , P < 0.05). There were also significant differences (P < 0.05) between the membraneand no-membrane-cover groups in NBA (3.26 ± 1.04 mm 2 vs. 0.18 ± 0.27 mm 2 ) and NBH (1.66 ± 0.55 mm vs. 0.26 ± 0.33 mm). There was a significant increase in %NB, and significant decreases in %RB and %FCT between the two groups (P < 0.05). The %NB averaged 28.13% ± 14.06% and 3.09% ± 5.98% in the membrane-and no-membrane-cover groups, respectively; the corresponding values for the %RB (%FCT) were 7.71% ± 3.39% (64.15% ± 14.83%) and 15.42% ± 4.09% (81.50% ± 3.13%), respectively.
DISCUSSION
Two hypotheses formed the basis of this study: 1) intact periosteum alone can exclude unwanted soft tissue from the grafted site, and 2) BHC covered with an intact periosteum can maintain its space provision for bone regeneration without dissipation. Both of these hypotheses were rejected on the grounds of the histometric results, which showed that the amount of new bone formation was significantly greater in the membrane-cover group than in the no-membranecover group. Moreover, the graft sites of the membrane-cover group exhibited more localized BH particles than the nomembrane-cover group, which collapsed and became encap- Table 1 . Results of the histometric analysis.
No-membrane-cover group Membrane-cover group Significant difference between the no-membrane-cover and membrane-cover groups (P < 0.05). Figure 4 . Periosteum-like dense connective tissue layers (black asterisk) around the residual collagen membrane (CM) (white asterisk) in a graft site of the membrane-cover group (A) and between the grafted biomaterials and existing bone in the no-membrane-cover group (B). Most sites of the membrane-cover group exhibited a dense connective tissue layer beneath the residual CM (arrowheads), and newly formed vessels within it. In a graft site of the no-membrane-cover group, individual bovine hydroxyapatite particles were encapsulated by dense collagen fibers separately (without multinucleated osteoclast-like cells) over the newly formed periosteum (Masson's trichrome stain, scale bars = 500 μm).
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sulated by the fibrous tissues. Thus, when an osteoconductive bone substitute was used, a dense periosteum alone was not sufficient to secure the grafted materials, and an additional barrier membrane may thus be essential for successful GBR. This finding is in line with previous research in which the use of a CM to cover the graft site appeared to improve the quality of the graft healing [14] [15] [16] .
The results of the present study may be attributed to the defect model used (i.e., the onlay graft model) being unfavorable for bone regeneration given that it is a noncontained defect [17] . However, other studies have shown favorable bone regeneration without a protective barrier membrane in contained defect models, such as extraction sockets, class II furcation defects, and periodontal intrabony defects, as they have more healing sources from the defect walls [12, 13, 17] .
Various bioresorbable materials have been used as barrier membranes, including collagen, polyurethane, polyglactin 910, polylactic acid, polyglycolic acid, polyorthoester, and poly (lactic-co-glycolic acid) [18] [19] [20] . Among these, the CM has been the most widely used in the clinical and research fields, due to its biocompatibility and ease of clinical applicability. When the CM is used in the GBR procedure, it absorbs excess blood and easily covers and adheres to the grafted site [21] . In addition, the CM serves as a fibrillate scaffold for early vascular and tissue ingrowth [22] and acts as a barrier for migrating epithelial cells [23, 24] . In the present study, the CM maintained its collagen network and still acted as a barrier after 8 weeks of healing. The newly formed bone lined the lower border of the CM, which communicated with the external connective tissue via small blood vessels (Fig. 6) . This observation suggests that the CM permits angiogenesis within the structures and enhances wound healing. BH particles aggregated into clusters when BHC was applied to the defect, and new bone was generated around and between these clusters. In these areas, each BH particle was not surrounded by new bone, but rather maintained the entire space, and new bone was created within the space [25] . This can lead to the formation of woven bone between the grafted particles, which connects them together forming a cluster of mineralized tissue, whereby remodelling and replacement of these clusters by the more mature lamellar bone can follow [26] .
The findings of this study may also be affected by the relative positions of the periosteum and the grafted biomaterials. When the dense periosteum was laid above the grafted biomaterials, the grafted materials maintained their shape, thus allowing new bone to grow along the edge of the graft boundary. A dense periosteum was found over the remaining CM in the graft sites of the membrane-cover group, whereas most of the graft sites of the no-membrane-cover group exhibited periosteum-like dense connective tissue on the existing cortical bone and beneath the scattered grafted materials. When the grafted biomaterials were observed above the periosteum, the particles were separately encapsulated within loose connective tissue. These results seem to indicate the importance of the CM as a shield to prevent discontinuity of the periosteum and to hold the graft biomaterials in place. Another advantage of the CM is graft consolidation due to a reduction in osteoclastogenesis [27] . Although an increased number of multinucleated osteoclast-like cells were observed around the residual BH particles within the membrane-protected space, periosteum-like dense connective tissue layers with a minimal number of cells appeared around the residual CM. Grafted biomaterials may be separated from the outer connective tissue and epithelium by these layers.
In many of the graft sites, the existing cortical bone had resorbed beneath the grafted biomaterials where newly formed woven bone seemed to grow with finger-like projections from the resorbed surface of the alveolar bone. In this synchronized bone remodeling, multinucleated osteoclasts resorbed the bone substitute as the deposition of new bone occurred simultaneously on the same particle (Fig. 3A) [28] . It can be assumed that surface resorption of the cortical bone precedes bone formation during incorporation of the grafted material within the cortical bed. The TA was filled with newly formed trabecular bone in many graft sites of the membranecover group (four out of five sites), while it was filled only with fibrous tissue in the graft sites of the no-membranecover group (three out of five sites). As a consequence, three out of five sites in the no-membrane-cover group exhibited resorption of the existing bone rather than bone regeneration due to severe cortical resorption and fibrous encapsula- There is some controversy as to whether BH is a slowly resorbable or nonresorbable material. In the present study, numerous multinucleated osteoclast-like cells were observed around the residual biomaterials in both of the experimental groups, consistent with findings from previous studies [26, [29] [30] [31] .
In conclusion, within the limitations of this study, it can be concluded that the additional use of a barrier membrane may result in significantly higher new bone formation and better bone quality than a bone graft alone in lateral onlay grafts.
